By twist wafer bonding, thin ͑100͒ GaAs layers were transferred onto ͑100͒ GaAs handling wafers in order to fabricate structures like those suggested in the literature as ''compliant universal substrates.'' Heteroepitaxial InP and InGaAs films were grown on the GaAs twist-bonded layers. Twisted and untwisted grains of the epitaxial film with diameters from 0.1 to several m without threading dislocations were observed by transmission electron microscopy. Twisted grains grew on the twist-bonded layer, while the untwisted grains grew directly on the GaAs handling wafer and were caused by pinholes in the twist-bonded GaAs layer. It is suggested that the lateral limitation of the epitaxial growth of grains on the thin twisted GaAs layer caused by the presence of pinholes reduces the density of threading dislocations in the strain-relaxed film and might be a mechanism for the observed low density of threading dislocations in lattice-mismatched epitaxial films grown on twist-bonded ''compliant universal substrates.''
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During heteroepitaxial growth of a lattice-mismatched film on a single crystal, initially, the film is pseudomorphic with the bulk lattice while the mismatch is accommodated elastically. Beyond the critical film thickness ͓known as the Matthews-Blakeslee 1 ͑MB͒ critical thickness͔, the elastic strain is relaxed by the generation of misfit dislocations associated with many threading dislocations within the film. Depending on the specific materials, threading dislocation densities in the range of 10 4 -10 8 cm Ϫ2 and higher are generally observed. These dislocations thread from the film/ substrate interface to the film surface, thus affecting the electronic and optical properties of the film, and especially the lifetime of optoelectronic devices.
2 Therefore, it would be highly desirable to be able to grow heteroepitaxial films on strongly lattice-mismatched substrates without threading dislocations. One frequently applied approach is based on graded buffer layers. 3 Another approach based on bonding of a thin ͑3-10 nm͒ ͑100͒-oriented GaAs layer rotationally misoriented on a ͑100͒ GaAs substrate has recently been suggested. 4 Some experimental evidence was presented which shows that layers of highly lattice-mismatched material ͑1%-15%͒ can be grown heteroepitaxially on these socalled ''compliant universal substrates'' with a negligible density of threading dislocations and a thickness far beyond the MB critical thickness. [4] [5] [6] Presently, there exist only speculations on what the physical mechanism of such a drastic reduction in the density of threading dislocations could be. [4] [5] [6] [7] This letter deals with an attempt to grow analogous structures and to understand the underlying mechanisms of threading dislocation reduction.
The concept of a ''compliant universal substrate'' originally derives from the theoretical prediction that a freestanding epitaxial substrate equal to or thinner than the critical thickness with regard to the deposited film should be able to absorb the overall strain energy, regardless of the thickness of the deposited film, without generating any misfit dislocations. [8] [9] [10] Therefore, the free-standing thin substrate is ''compliant'' enough to accommodate to the lattice parameters of the growing film, which is in agreement with experimental results. 11 However, these free-standing compliant films are very fragile and cannot sustain normal wafer handling. In order to solve this handling problem, Ejeckam et al. 4 fixed the thin layer to a handling wafer by wafer bonding. The basic idea behind this approach is that the interface between the substrate and the rotationally misoriented ͑''twist-bonded''͒ layer may somehow allow the layer to behave in a ''compliant'' way analogous to the case of a freestanding substrate. Thus, a ''compliant universal'' substrate with good handling properties would be realized. The interface is expected to consist of a twist boundary which contains an array of screw dislocations. A tentative model by Kästner et al. 7 for the relaxation mechanism of ''compliant'' twist-bonded substrates is based on the effect of this screw dislocation network at the twist-boundary interface.
In our experiments, a 100 nm AlAs release layer and 10 nm GaAs were deposited by metalorganic vapor-phase epitaxy ͑MOVPE͒ on 75 mm diam ͑100͒ GaAs wafers. The wafers were directly bonded to commercially available 75 mm GaAs wafers with a twist angle of 14°. The hydrophobic bonding of the wafers was performed in H 2 atmosphere at 500°C for several hours without applying external pressure. Using a modification of the epitaxial lift-off ͑ELO͒ technique, 12 we removed the intermediate AlAs release layer by lateral etching in 10% HF with the support of ultrasonic agitation to crack the underetched material. By area-scanned x-ray diffraction ͑XRD͒, the resulting structures were investigated to determine the coverage of the handling wafer by the bonded thin layer. The best selected specimens of handling wafers were covered by the bonded thin layer over an area of 3 -4 cm 2 . Transmission electron microscopy ͑TEM͒ investigations revealed precipitates or voids at the bonding interface, which in most cases do not thread through the GaAs compliant layer ͑Fig. 1͒. shows the screw dislocation network and Moiré contrast associated with the bonding interface as well as precipitates/ voids ͑bright areas͒, the detailed nature of which is not yet known. Occasionally, the height of these precipitates surpasses the thickness of the GaAs compliant layer and penetrates through the surface. Similar defects ͑precipitates or voids͒ were also found at GaAs/Al 2 O 3 , 13 GaAs/Si, 14 and GaAs/InP ͑Ref. 15͒ bonding interfaces, and thus, appear to be a quite common feature associated with GaAs bonding interfaces. 300 nm InP ͑3.5% misfit͒ or In x Ga 1Ϫx As (xϭ0.28, 2% misfit͒ layers were deposited on the thin GaAs layer with 14°t wist angle by MOVPE. A cross-sectional TEM bright-field image of the InGaAs film on the twist-bonded structure is shown in Fig. 3 . The viewing direction is the ͓110͔ direction of the GaAs handling wafer. Therefore, the GaAs handling wafer in Fig. 3 is observed in a dark contrast. While parts of the InGaAs film also show dark contrast, other parts are of light contrast. Rotating the specimen around ͓001͔ by the twist angle to a viewing direction ͓110͔ of the twist-bonded GaAs layer, the dark contrast reversed to the light contrast and vice versa. This physically means the existence of two different crystallographic orientations of InGaAs grains, twisted and untwisted with respect to the GaAs handling wafer. Twisted and untwisted grains are separated by tilt grain boundaries. A single grain boundary between a twisted and an untwisted InP grain is shown in the high-resolution TEM image in Fig. 4 . The electron beam was parallel to the ͓110͔ direction of the twisted InP grain ͑left͒. The twisted InP grain on the left is grown on the twist-bonded thin layer ͓for convenience, termed ''compliant'' layer ͑CL͒ in the micrograph͔ on the GaAs handling wafer. The untwisted InP grain ͑right͒ was deposited directly on the GaAs handling wafer, which has lost several nm of material in the untwisted region near the grain boundary. Thus, in our experiment, pinholes in the twist-bonded layers are responsible for the occurrence of tilt grain boundaries. XRD ͑⌰,2⌰͒ investigations of ͕622͖ reflexes revealed strain-relaxed film growth of twisted InP grains as well as of untwisted InP grains without significant difference in the degree of relaxation. The value of the residual tetragonal distortion of about 0.3% is negligible compared to that of a pseudomorphic film.
It is well established that stress due to the lattice mismatch can be relaxed by nucleation of dislocation half loops or by propagation of misfit segments starting from threading dislocations. The epitaxial films discussed in our letter have a thickness more than 100 times the MB critical thickness and relax by introduction of misfit dislocations at the interface, but no threading dislocations were observed. The formation of tilt grain boundaries between twisted and untwisted epitaxial grains laterally limits the film growth. During film growth, dislocation half loops generated at the film surface introduce misfit dislocations at the interface. Their associated threading segments are able to surpass the distance to the next grain boundary and accumulate at the grain boundaries. At typical growth temperatures around 600°C, single dislocations in InGaAs and InP can glide within less than a second distances of several m. 16 In continuous strained films, the high mobility of single dislocations is reduced by dislocation blocking. 17 If, as in our case, the growth is laterally limited by grain boundaries, very few dislocations are simultaneously gliding in the film, thus blocking does not occur and grains of highly mismatched material, basically free of threading dislocations, may be grown epitaxially.
In conclusion, we have found that bonding-related defects at the GaAs bonding interface ͑precipitates/voids͒ occasionally thread through the surface of the GaAs twistbonded layer, thus causing pinholes in this layer. Due to these pinholes, during heteroepitaxy the new film grows partly on the twist-bonded layer and partly directly on the GaAs handling wafer. As a consequence, twisted and untwisted grains with tilt grain boundaries in between are observed. Threading dislocation segments, which glide in a direction parallel to the interface, accumulate at the grain boundaries and lower the density of threading dislocation in the epitaxial film. We specifically mention that in our case we do not deal with a single-crystalline heteroepitaxial film but with a film with grains of two different orientations. Of course, the question arises whether the threading dislocationfree growth of heteroepitaxial films on ''compliant universal substrates'' may possibly also be due to the presence of pinholes in the twist-bonded thin GaAs layer in the cases reported in Refs. 4-6. At present, this question cannot be answered reliably, since the possibility remains that for continuous twist-bonded GaAs layers 6 without pinholes, a different mechanism, e.g., the one suggested by Kästner et al., 7 may operate and lead to a drastic reduction of the density of threading dislocations. We are working on a method to reduce the density of interface precipitates/voids, and thus of pinholes, in order to confirm or rule out this remaining possibility. P. Velling, M. Haase, and Dr. W. Prost from the Gerhard-Mercator University of Duisburg, Germany, are gratefully acknowledged for the deposition of InP as well as Dr. R. Franzheld from Leipzig University, Germany, for the deposition of InGaAs by MOVPE. The authors would also like to thank many colleagues at the Max Planck Institute for discussions and help in setting up the experimental facilities.
